The goal of this project was to develop and demonstrate the potential of a versatile class of nano-biosensors capable of being implanted within individual living cells for the direct conversion of biochemical signaling events into electronic information. In order to monitor the various biochemical species responsible for intracellular signaling (e.g., proteins), with minimal stress to the cell during analysis, we are developing nanobead sensors between 200 and 500 nm in diameter that are capable of being non-invasively positioned at different locations within a living cell via optical tweezers. These sensors employ surface enhanced Raman spectroscopy (SERS) and allow for the qualitative as well as quantitative monitoring of the expression of the Lp,;,;ific proteins required 4x ýou-ll: -•spn%'-.. , g: gtng spec.i.es u•,l'., fashion allows for the detection of the earliest possible signals associated with a stimulation event, as well as allow for the differentiation of various events from one another at the earliest possible time.
I. Objectives
The goal of this project was to develop and demonstrate the potential of a versatile class of nano-biosensors capable of being implanted within individual living cells for the direct conversion of biochemical signaling events into electronic information. In order to monitor the various biochemical species responsible for intracellular signaling (e.g., proteins), with minimal stress to the cell during analysis, we are developing nanobead sensors between 200 and 500 nm in diameter that are capable of being non-invasively positioned at different locations within a living cell via optical tweezers. These sensors employ surface enhanced Raman spectroscopy In addition to demonstrating the potential of these sensors for the simultaneous monitoring of multiple signaling species, a secondary goal of this project is to demonstrate the ability to position these sensors to various locations of interest within a cell using optical tweezers. As the long-term goal of these sensors is to be able to study how cells respond to various stimuli, it is important to be able to position them at locations of interest within a cell (e.g., nucleus, cytoplasm, etc.). Therefore, a near infrared (NIR) optical tweezers system is being cIn structed, in this work. Particular emphasis is being placed -6ti -rfiifimizing the' laser power necessary for positioning of the SERS-based protein nanosensors, as they will include a partially reflective metal coating surrounding a silica nanosphere core, and will require a unique optical geometry to allow effective positioning.
While these sensors will be widely applicable to the understanding of many different biological reaction pathways, the particular application being addressed in this work is the detection and understanding of early intracellular changes associated with an immunological response following contact with biological agents (i.e., toxins and pathogenic organisms). Since intracellular signals within T lymphocytes are among the earliest potential biological responses to toxins and other infectious agents, detection of an immunological response at this stage as well as differentiation of one toxin from another, based on cellular response, could dramatically improve survival rates for those exposed. It is for this reason that T-cell activation is the model system for our demonstration of these sensors' potential.
II. Status of Effort
Successful accomplishment of all goals for this project has been accomplished in the nine months of this seedling effort. In particular, the potential of these sensors for the simultaneous from 100 nm to 5000 nm with extremely accurate control of size, and a standard deviation of diameter of less than 5%. Characterization of these nanoparticles has been performed using both conventional white light microscopy for the larger diameter spheres (> 500 nm) and scanning electron microscopy (SEM) for the smaller particles (100 nm -500 nm). Figure 1 shows a microscopic image of a batch of micrometer diameter spheres produced via this modified method. From this figure the well defined shape of the sphere, due to surface adhesion during synthesis, can be easily seen as well as the monodisperse nature of the process even for the larger size silica nanospheres. Modifying these reaction conditions not only provided a means of accurately controlling the diameter and monodisperse nature of the silica nanospheres produced, but it also allowed for concentration of the nanospheres via a simple centrifugation and decanting steps, making it easier to implement on a larger scale. Additionally, we have investigated the possibility of providing an "Ai•, i aa,ed surface roughn,.
(a)
. to these spheres, for : small, picomolar to micromolar, concentrations. Adding the HF prior to the addition of the tetraethyl orthosilicate (TEOS) and allowing it to disperse homogenously throughout the reaction mixture resulted in an equal degree of pitting on the different nanosensors, providing an increased roughness, with minimal sensor-to-sensor variation, as determined via SERS calibrations with standard SERS active chemical compounds.
In addition to advances in the fabrication of the nanosphere support matrices, this seedling effort has resulted in the development, optimization and evaluation of the first SERSbased immuno-nanosensors for intracellular analyses. These sensors, employ the silica nanoparticles described previously, to provide a core particle for positioning and identification under microscopic for quantitative analyses. They are coated with a layer of silver, monoclonal antibodies for the protein species of interest are attached to the silver surface via short, rigid linking molecules. During this research effort, a great deal of time and effort has been spent in determining the optimal means of depositing silver for the SERS enhancement on the surface of these nanosphere sensors, as well as the optimal silver thickness, and geometry. This investigation was performed by despositing silver of different linear deposition thickness ranging from 10 nrm -200 nm on 200 nm and 450 nm diameter silica spheres either via a chemical deposition process (i.e., Tollens reaction) in which the entire surface of the sphere is covered, or a vapor deposition process in which only one half of the sphere's surface is covered. From these studies, it was found that both methods provided a simple and effective means of coating thin layers of silver on the nanospheres, however, the chemical deposition method provided several background spectral bands associated with impurities from the deposition process. These background bands dramatically reduced the number of different potential sensors that could be :louaitored simultaneousl'".
for the fabrication of all future SERS-based nanosensors.
When depositing the silver via vacuum evaporation, a novel multi-layer deposition process w as discovered i s c apable o f enhancing SERS signals by over an order of magnitude relative to comparable single layer SERS substrates with the same total amount of silver deposited. This work resulted in a secondary study into this novel multi-layer effect that has resulted in several publications in scientific journals as well as several research talks at national and international conferences. From these studies, it was determined that the optimal number of metal layers on the silica surface ranged from 2-3, with a total silver thickness of 200 nm. These conditions provided the greatest SERS signal intensity while still allowing light to pass through the silver layer, which is important for positioning of the sensors using tfe NIR optical tweezers system developed in this work. This multilayer sensor geometry provided enough enhancement to allow the half coated vapor deposited sensors to have a sensitive enough detection capability to monitor only a few copies of a protein, which is crucial for intracellular analyses in a single cell.
Following optimization of the silver layer thickness, the optimal binding process for attachment of the monoclonal antibodies was investigated. In these studies, several different length linker molecules were investigated, each being bound to the silver surface through a thiol linkage. These linker molecules included 2-mercapto-4-methyl-5-thiazole acetic acid (MMTA),
2-amino-6-thiocyanate-benzothiazole (ATB) and 16-mercapto-hexadecanoic acid (MHA) (see In addition to simply monitoring the binding efficiency of the various crosslinkers, the activity of the antibodies were also determined, in order to ensure that the generic binding process used for antibody attachment allowed was widely applicable from antibody to antibody without affecting the specificity and binding affinity of them. From these results, it was found that in all the antibodies studied (i.e., anti-IL-2, anti-human insulin, anti-phosphorylated ZAP-70, and anti-fluorescein) all three of the different crosslinking agents could be used and still retain antibody activity and specificity. This is due to the attachment of the crosslinkers at free amine or carboxyl groups in the heavy invariable portion of the antibodies, thereby not affecting the active site of the antibody. It was also apparent, that ATB allowed for antibody binding with slightly greater antibody affinity, most likely due to the amine functionality used for binding.
However, due to the intense, broad, multi-band nature of the SERS spectrum of ATB, it was chosen as the second best crosslinking agent, after MMT.
Using these newly developed protein sensors, the next step was to investigate their ability to detect the binding of the protein (antigen) of interest, as well as the spectral bandwidth of the resulting peaks, thereby determining the maximum number of proteins that can be simultaneously detected. From these studies, it was found that interleukin II (IL-2) and phosphorylated Zap-70 can be detected from individual nanosensors and in a label-free fashion, at sub-nanomolar concentrations in cellular environments, following excitation with a 10mW
HeNe laser. Figure 4 From these spectra the relative peak height of several SERS active bands between the protein-free spectrum and the IL-2 bound spectrum can be seen to change. These changes are indicative of IL-2 binding, and are highly reproducible from analysis-to-analysis and sensor-to-sensor and are due to both the addition of overlapping SERS spectral bands associated with the protein binding as well as conformational changes in the antibody upon binding.
In addition, other proteins such as insulin (a possible interferent), were also evaluated, and found to be capable of being detected with SERS immuno-nanosensros developed for these proteins and have similar detection limits, thereby providing the sensitivity necessary for intracellular monitoring of individual proteins. However, due to the specificity of monoclonal antibodies, and the highly localized SERS enhancement at the metal surface, no observable cross-reactivity was found upon exposure of each different type of sensor to complex cellular environments, during these interference studies. Figure 5 shows the SERS spectrum resulting from an individual nanosensor for insulin in a 10 nM solution of human insulin. This spectrum was recorded using an epi-fluorescence microscope for signal collection following excitation with a 10 mW HeNe laser and detection using an intensified charge 700 coupled device (ICCD) camera. value due to the resolution of the assays. These studies were run along side the nanosesor based analyses, at different doses of I SEB exposure. In both cases, dose dependent expression levels of IL-2 were measured, with IL-2 production increasing in both analyses with larger doses of SEB.
Results from all aspects of this seedling project suggest the feasibility of these implantable nanosensors for the real-time monitoring of as many as 100 different cellular signaling species simultaneously. Using the current AOTF-based multispectral imaging/optical tweezers system developed in this seedling project, these analyses can be computer controlled and extremely rapid. This seedling effort, has accomplished all of the goals of this project, and far exceeded the sensitivity and rapid detection abilities expected with the discovery of a novel multi-layer SERS sensing geometry capable of enhancing SERS signals by greater than an order of magnitude over previous single layered nanosensors developed in the PI's laboratory. Based upon these results, this technology appears to hold a great deal of promise for the early detection and differentiation of exposure to toxins and bacterial agents. By using such a system, the inherent redundancy and specificity of T-cells and the immune system should provide a detection system capable of rapid detection and differentiation of disease with a low rate of false positives, 
V. Publications
The work from this nine month seedling effort has resulted in the publication of five articles in high-quality, peer-reviewed scientific journals and two book chapters on SERS-based optical nanosensors for cellular analyses during the duration of the seedling effort, and the submission of three additional articles to high-quality, peer-reviewed journals in the coming months. These articles and book chapters are listed below. 
VII. New Discoveries
Work associate with this project has resulted in the discovery of a novel multi-layered SERS substrate geometry that can be applied to SERS substrates of almost any structural dimensionality, and is capable of enhancing the SERS signals from those geometries by over an order of magnitude. This discovery has resulted in the filing of a provisional patent entitled"
Multilayered Surface Enhanced Raman Scattering (SERS) Substrates," with the U.S. Patent and Trademark Office April 2 6 th, 2004 . The provisional patent reference number is 2447BC.
VIII. Honors/Awards
During the nine month duration of this project, no new awards or honors were bestowed upon the personnel supported.
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ABSTRACT
The goal of this project was to develop and demonstrate the potential of a versatile class of nano-biosensors capable of being implanted within individual living cells for the direct conversion of biochemical signaling events into electronic information. In order to monitor the various biochemical species responsible for intracellular signaling (e.g., proteins), with minimal stress to the cell during analysis, we are developing nanobead sensors between 200 and 500 nm in diameter that are capable of being non-invasively positioned at different locations within a living cell via optical tweezers.
These sensors employ su rface-enhance-d. Raman spectroscopy (SERS) and allow for the qualitative as well as quantitative monitoring of the expression of the specific proteins required for cellular response.
Monitoring intracellular signaling species in this fashion allows for the detection of the earliest possible signals associated with a stimulation event, as well as allow for the differentiation of various events from one another at the earliest possible time. 
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